Optical coherence tomography (OCT) is an appealing technique for bio-imaging, medicine, and material analysis. For many applications, OCT in mid-and far-infrared (IR) leads to significantly more accurate results. Reported mid-IR OCT systems require light sources and photodetectors which operate in mid-IR range. These devices are expensive and need cryogenic cooling. Here, we report a proof-of-concept demonstration of a wavelength tunable IR OCT technique with detection of only visible range photons. Our method is based on the nonlinear interference of frequency correlated photon pairs. The nonlinear crystal, introduced in the Michelson-type interferometer, generates photon pairs with one photon in the visible and another in the IR range. The intensity of detected visible photons depends on the phase and loss of IR photons, which interact with the sample under study. This enables us to characterize sample properties and perform imaging in the IR range by detecting visible photons. The technique possesses broad wavelength tunability and yields a fair axial and lateral resolution, which can be tailored to the specific application. The work contributes to the development of versatile 3D imaging and material characterization systems working in a broad range of IR wavelengths, which do not require the use of IR-range light sources and photodetectors.
Introduction
Optical coherence tomography (OCT) finds its broad applications in bio-imaging [1] , medicine [2] and material analysis [3] . The basic OCT setup represents a Michelson interferometer with a sample under test placed in one of the arms ( figure 1(a) ). A probing light beam is split into two arms by a beam splitter, and the beams are recombined after being reflected by a reference mirror and a sample. The interference occurs, when the optical path difference between the two arms is within the coherence length l coh of the light source. By translating the reference mirror, the reflectivity, and scattering of a sample are measured at different depths.
The resolution and the signal-to-noise ratio of the OCT are strongly dependent on scattering and absorption of the sample. Most commercially available OCT systems operate in the near-infrared (IR) range, typically in 850-930 nm band, O-(1260-1360 nm) and C-(1530-1565 nm) bands, which is a compromise between scattering and absorption in bio-tissues. Indeed, the Rayleigh scattering is inversely proportional to the wavelength, while the absorption in tissues in near-IR grows with the wavelength. At the same time, for many applications, including analysis of ceramics and polymers, the OCT signal is mainly hampered by the scattering. In this case, OCT measurements in mid-and far-IR lead to significantly more accurate results [4] .
Reported mid-IR OCT systems use multiregion quantum cascade lasers and mid-IR photodetectors [5] . More recently high power low-coherence quantum cascade superluminescent emitters have been introduced [6] . In these systems, both the light source and the photodetector require cryogenic cooling. The development of accessible OCT systems in mid-and far-IR ranges is still a challenging task, and to the best of our knowledge, no commercial system exists yet.
Using nonclassical light sources can be beneficial for the further development of OCT. For example, the method, referred to as a quantum OCT (QOCT), is based on the interference of two indistinguishable photons in the Hong-Ou-Mandel interferometer [7] . The OCT signal is obtained from correlation measurements of photocounts of two detectors. The QOCT allows increasing the resolution by the factor of two compared to classical analogs and offers an advantage of eliminating the effect of group velocity dispersion [8, 9] . However, the applicability of the technique is hindered by (1) the necessity for detection of photocount coincidences which leads to extended acquisition times, and (2) the requirement that signal and idler photons have the same central wavelengths, which limits the wavelength tunability.
In this work, we further extend the use of nonclassical light and realize a new method of OCT in which measurements in IR range are performed via intensity measurements of visible photons [10, 11] . The wavelength of the probing photon can be tuned to minimize the scattering, while the wavelength of the detected photon can be set in the detection-friendly region. Recently the concept of nonlinear interference was used to perform 2D imaging [12] , interferometry with sensitivity below the shot-noise [13] , and IR spectroscopy with visible light [14] [15] [16] [17] . We further develop the technique to demonstrate imaging through an opaque substrate, measurements of optical depths and sample birefringence in a broad IR range, all with the same measurement configuration. Our approach is based on a nonlinear Michelson interferometer, which is versatile and straightforward to implement. So far, none of the previously reported schemes have achieved the same level of functionality in a single configuration. Our work contributes to the development of 3D imaging and material characterization systems operating over a broad range of IR wavelengths.
Method
The scheme of our method is shown in figure 1(b) . Correlated photons (signal and idler) are generated via frequency non-degenerate collinear spontaneous parametric down conversion (SPDC) in a nonlinear crystal [18, 19] . The phase matching conditions are chosen in such a way, that the wavelengths of signal (detected) and idler (probe) photons are in the visible and IR range, respectively. A dichroic mirror DM separates the photons. Signal and pump photons are reflected by a reference mirror M and the idler photon is reflected by the sample under study. Another pair of photons (identical to the first one) is generated from the second pass of the pump through the crystal.
Once optical paths of signal and idler photons are equalized, the photon pairs generated from the first and the second passes of the pump through the crystal interfere. The interference is associated with the effect of induced coherence without induced emission, first studied by Zou, Wang, and Mandel [10, 11] . The explicit theoretical description of the nonlinear Michelson interferometer is given in [16] . In brief, let ñ = ñ |1 i0 indicate lossy idler modes. Idler photons pass through the sample and then reflected back to the crystal from its internal interface. Let t i be the amplitude transmission coefficient of the sample, and r i be the amplitude reflection coefficient of the internal interface. Then the state vector for SPDC photons generated at the first pass of the pump and propagated through the interferometer is given by 
where j s i , are phases acquired by the signal, and idler photons, respectively. In equation (1) the first term describes the propagation of idler photons through the sample and their reflection by the internal interface. The second, third, and fourth terms describe coupling to lossy modes due to absorption in the sample at the first and second passes, and due to finite reflection from the sample interface, respectively. The state vector for SPDC photons generated at the second pass of the pump through the crystal is given by
where j p is the phase acquired by the pump photons. Then for a perfectly aligned interferometer, the state vector is given by the superposition of two-photon states created at the first and the second pass of the pump through the nonlinear crystal:
To account for a finite coherence length of down-converted photons in equations (1), (2) we introduce the normalized first-order correlation function of the SPDC, given by the Fourier transform of the SPDC spectrum [11] 
where Dt is the time delay between signal and idler photons in the interferometer, W ( ) S is the spectral intensity of SPDC photons; W is the frequency detuning.
The probability of detecting a signal photon is given by = áY Yñ
and the resulting intensity dependence for the signal photons is given by [8-15, 17, 20, 21] t m j
From equation (4) it follows that the interference pattern for signal photons depends on the phase shifts and losses experienced by idler photons. Thus sample properties (transmittance, reflectivity, and refractive index) at the wavelength of idler photons can be inferred from measurements of the interference pattern of signal photons. Direct detection of idler photons is not required.
When interferometer arms are aligned (D = t 0), the visibility of the interference pattern is given by 
where | ( )| r z j j is the amplitude reflection coefficient from the jth boundary at the depth z ,
is the amplitude transmission coefficient determined by the absorption and scattering inside the sample, and the last term corresponds to losses due to reflection from previous ( j − 1) surfaces. Thus from the measurements of the interference visibility for signal photons we determine the reflection coefficient of the sample for idler photons and from the separation between the interference signals, we infer the optical thickness of the sample. The axial resolution of our method is defined by the width of the correlation function m D | ( )| t , which depends on the bandwidth of SPDC photons [20] .
Experiment
Our experimental setup is shown in figure 2 . The pump beam of the continuous wave laser (Nd:YAG at 532 nm, 80 mW or Ar+ at 488 nm, 34 mW) is reflected by the dichroic mirror DM 1 . The lens F 1 ( f=200 mm) focuses the pump into the periodically poled Lithium Niobate (PPLN) crystal (length 1 mm), where SPDC occurs. Lenses F′ ( f=75 mm) form collimated pump, signal, and idler beams after the crystal [22, 23] .
The photons propagate collinearly and are separated into two arms of the interferometer by the dichroic mirror DM 2 . A silver coated mirror M s , mounted on the motorized translation stage, reflects signal, and pump photons. A sample under test is inserted in the path of idler photons. In our experiment we used several samples: a Silicon window (Edmund Optics), a compound retardation waveplate (Thorlabs) and a Chromium coated microscope resolution target test (Negative 1951 USAF microscope target on glass substrate, ThorLabs). In the absence of a sample, the gold-coated mirror M i is used as a reference.
The reflected pump beam generates another pair of photons in the PPLN crystal. We scan the position of the mirror M s and observe the modulation of the intensity of signal photons using a Silicon avalanche photodiode for data acquisition (Perkin Elmer, AQR-14FC) or a CCD camera (Thorlabs) for system alignment, see supplementary materials is available online at stacks.iop.org/QST/3/025008/mmedia.
We use a single off-shelve PPLN crystal (Covesion) with nine inscribed regions with different poling periods. The wavelength of SPDC photons is chosen via the selection of the poling period (Λ PPLN ) and the crystal temperature (T PPLN ). For this demonstration we perform experiments at four different wavelengths of idler photons, see table 1.
The spectra of detected photons are measured using the home-built grating spectrometer, see results in the supplementary material. The coherence length is given by l coh =λ 2 /Δλ. The increase of the coherence length is expected from the phase matching conditions, which predict the narrowing of the bandwidth of the SPDC spectrum, see supplementary materials.
For raster imaging (A-scan) of the microscope resolution target test, we insert an additional imaging lens F ( f=50 mm) in the path of idler photons. The focal plane of the lens is positioned on the sample surface. For each position of the sample, we measure the interference visibility of visible photons by scanning the mirror M s . By translating the sample in the plane transverse to the incident beam we reconstruct its lateral image.
Results

Measurements of positions of reflective layers
First, we describe the experiment with probing photons at λ i =1543 nm (idler) and detected photons at λ s =812 nm (signal). For system calibration, we measure the intensity modulation of signal photons without the sample. We insert the gold mirror M i in the IR arm and scan the position of the mirror M s . Once the optical paths of signal and idler photons are equalized we observe the modulation of the intensity of signal photons ( figure 3(a) ). We choose this point as an origin for the mirror displacement (z =0 mm). The visibility of the interference pattern is measured from the fine scan of the mirror M s , and it is equal to V ref =81±1%
( figure 4(a) ). Note that, in accordance with equation (4), the modulation period of interference fringes for signal photons is given by the wavelength of idler photons. Then we insert the sample and repeat the scan ( figure 3(b) ). We use an uncoated pure Silicon window (Edmund Optics) with a thickness of 1080±4 μm. The absorption and scattering coefficients for the sample are negligible at the probing wavelengths. Assuming a non-absorptive sample with N=2 surfaces, the visibility ratios are given by (see equation (5)): The visibility of the interference fringes observed at the second and third positions is less than the visibility of the fringes at the first position due to the loss of idler photons, see equation (6) . figure 4(a) , mainly due to imperfections of optical components in the IR arm. The transmission coefficient of IR photons through the dichroic mirror is 98% at 1.54 μm, 70% at 2.14 μm, 72% at 2.5 μm, and 66% at 3 μm wavelengths. The AR coating of the lens is optimized at 1.55 μm (reflection is about 0.1%), but for longer wavelengths, the reflection is about 4%. The AR coating for the PPLN crystal provides 5% reflectivity at 1.54 μm, 8% reflectivity at 2.14 μm, and 9.5% at 2.5 μm (unknown for 3 μm). We can compare visibilities of the interference pattern at 1.54 and 2.14 μm wavelengths since the same pump laser was used in these measurements. From the above parameters of optical components, the ratio of visibility at 1.54 μm and at 2.14 μm is estimated to be 0.62, while the experimental value is 0.41. The difference can be attributed to the inferior spatial overlap of SPDC modes at 2.14 μm due to chromatic dispersion of lenses [24] .
Experimental results with the Silicon sample with probing photons at 2140 nm, 2504 nm and 3011 nm are shown in figures 3(d), (f), (h) , respectively. Similar to the measurement at 1543 nm, the interferograms show 
. Points indicate the experimental data; solid curves show the cosine fitting of the data according to equation (4) . Note that modulation period is given by the wavelength of idler photons.
reflections from the front, back, and multiple surfaces of the sample. As expected, the visibility of interference fringes, which correspond to reflection from the back and multiple surfaces is decreased due to the gradual loss of idler photons.
From equation (6) we calculate reflection coefficients of the Silicon at all the four probing wavelengths, see table 2. Corresponding refractive indices are calculated using Fresnel equations. Our results are in good agreement with the database values [25] . As expected, the refractive index for Silicon is decreasing with the increase of the wavelength of probing photons. The achieved accuracy of the reflectance measurements is ΔR i =±0.003 and of the refractive index is Δn i =±0.014.
Measurement of a birefringent sample with hidden features
To test our technique in a more sophisticated sample, we carried out measurements with a compound zeroorder retardation waveplate (Thorlabs). The waveplate consists of two quartz plates (thickness 934±9 μm and 953±9 μm) with orthogonal axes and an air gap between the plates (thickness 123±9 μm). It is designed to introduce a half wavelength retardance at 532 nm. The waveplate is inserted into the idler arm of the interferometer with its fast optical axis parallel to the polarization of idler photons.
The interference pattern without the sample is shown in figures 3(a) and 4(a) (the probing wavelength is 1543 nm, and detected wavelength is 812 nm). The interference signal with the waveplate is shown in figure 5 . Signals at z 1 =−7.16 mm and z 4 =−4.11 mm correspond to reflections from the front and back surface of the waveplate, respectively. Two additional peaks at z 2 =−5.72 mm and z 3 =−5.60 mm correspond to reflections from internal interfaces of the compound waveplate.
From the optical delay between reflections #1 and #2 ('front'-'internal 1') we calculate the refractive index along the fast axis (n o ). From the optical delay between reflections #3 and #4 ('internal 2'-'back') we calculate the refractive index along the slow axis (n e ). Calculated values are shown in table3 and they are in a good agreement with database values [25] .
Reflectance imaging of a sample through a Silicon layer
To show the imaging capability of our technique, we inserted a lens in the path of IR photons and carry out raster imaging (A-scan) of the negative microscope test slide preceded by the AR-coated Silicon window, see figure 6 . The probing wavelength is λ i =1543 nm, and detected wavelength is λ s =812 nm. IR photons are reflected by different regions of the sample, and we measure the interference patterns for visible photons. From a raster scan of the sample, we reconstruct its reflectance pattern for IR photons, see figures 6(a), (b). As expected, the measured reflectivity of the Chromium film at 1550 nm is about 63%. Once the probe beam hits the region without Chromium coating (number '4' in figure 6(a) and vertical stripes in figure 6(b) ), we observe almost zero reflectivity. The width of the stripes of the '4' character in figure 6(a) is 60 μm. The reflectivity does not drop rapidly, as the probing beam size of 50 μm is comparable to the feature size. The width of the test stripes in figure 6(b) is 88 μm, and they are well resolved. Similar results have been obtained for other wavelengths of probing photons, see supplementary materials.
The image of the sample under the white light microscope is shown in figure 6 (c). Dashed squares show the measured regions of the resolution test slide. The sample cannot be seen under visible light, once the Silicon window is inserted in front of it, see figure 6(d). The greenish color appears due to the AR coating of the Silicon window.
Discussion
The axial resolution of the technique is defined by the first-order correlation function of the SPDC, given by the Fourier transform of the SPDC spectrum, see equation (3) . The latter is given by the sinc 2 -function [18] [19] [20] . As a result, interference patterns in figure 3 have triangular shapes [18] [19] [20] . Even though the demonstrated resolution is on the order of tens of microns, it can be reduced by at least one order of magnitude using dedicated methods of generation of broadband SPDC. The methods include but are not limited to using several SPDC crystals [26] or crystals with chirped poling period [27, 28] , inhomogeneous heating [29] and applying electric field [30] to the SPDC crystal. Moreover, the smooth spectral shape of SPDC is beneficial for OCT in comparison with some classical broadband sources, which is essential for providing high-quality interferograms and better signal-tonoise ratio [31] . The spatial resolution of the imaging in the lateral plane can be further improved by using focusing lenses with short focal distances or microscope objective lenses.
The central wavelength of the probing beam can be set to the required value by an appropriate choice of the nonlinear crystal and the wavelength of the pumping laser. The range of the operating wavelengths of the method is limited by the absorption of the SPDC crystal in the IR range (up to ∼4.5 μm for lithium niobate). It can be readily extended into the mid-and far-IR ranges by changing the SPDC crystal and optics. For instance, by using AGS crystal, it is possible to reach the wavelength of idler photons of up to 12 μm.
Sensitivity to the refractive index change is defined by the accuracy of the measurement of the interference visibility. From the results in table 2 we calculate that the technique is capable of resolving the refractive index change at the air/sample interface of Δn i =0.01. Higher sensitivity can be archived by careful optimization of optical losses and beams overlap. We note that some of the earlier experiments on 2D imaging and optical sectoring used the nonlinear MachZehnder interferometer [10, 12, 32, 33] . The scheme based on a Michelson interferometer, presented in our work, is much more straightforward and versatile. Indeed, it uses only one nonlinear crystal, which is easier to align and tune the wavelengths. It also requires less optical elements such as lenses and mirrors.
Conclusions
In summary, we demonstrated the proof-of-concept of tunable at the IR OCT technique, where information about the sample properties at the IR range is inferred from measurements of visible photons. We demonstrate the operation of the technique at four wavelengths: 1543 nm, 2140 nm, 2504 nm, and 3011 nm, with the actual detection in 812 nm, 708 nm, 606 nm and 582 nm respectively. The tuning between the wavelengths is rather seamless and requires only the selection of the poling period and the crystal temperature.
The method shows good precision in determining the position of reflecting layers, refractive indices of the sample and its birefringence. In the imaging configuration, the technique allows reflective imaging through a Silicon layer. The resolution and the tuning range can be further improved by a judicious choice of optical elements, such as nonlinear crystals, beam splitters, lenses, etc. Further study of the impact of scattering can help in extending operation of the proposed OCT technique to the mid-and far-IR ranges.
Practical applications of the technique include, but not limited to analysis of highly scattering materials in mid-IR for defectoscopy and photonics industry. Imaging through Silicon layers and thickness analysis is highly relevant to the microelectronics industry as it enables using accessible photodetectors and light sources for imaging through Silicon wafers.
